ABSTRACT
SAŽETAK

N-metil-D-aspartatni (NMDA) receptori pripadaju porodici glutamatnih jonotropnih receptora, zajedno sa AMPA (α-amino-3-hidroksi-5-metil-4-izoksazolpropionska kiselina), kainatnim i δ-receptorima. Svi navedeni receptori su transmembranski proteini sastavljeni od četiri subjedinice. NMDA receptori imaju nekoliko jedinstvenih osobina u odnosu na ostale jonotropne glutamatne receptore: neophodnost istovremenog vezivanja dva koagonista, glutamata i glicina, za aktivaciju receptora; dvojna kontrola aktivacije receptora, ligand-zavisna (vezivanje glutamata i glicina) i voltaž-zavisna (blokada jonom magnezijuma); i ulazak znatne količine jona kalcijuma nakon aktivacije receptora. Sve više istraživanja se bavi fi ziološkim i
INTRODUCTION
N-methyl-D-aspartate (NMDA) receptors belong to ionotropic glutamate receptor family, together with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, kainite receptors and δ-receptors. All of these receptors are integral membrane proteins, composed of four subunits configured so as to form transmembrane ion channel. Each of these subunits contain four domains: two extracellular domains, 1) the amino-terminal domain (ATD) and 2) the ligand-binding domain (LBD), 3) the transmembrane domain (TMD), and an 4) intracellular carboxyl-terminal domain (CTD). There are several types of subunits that can form the ionotropic glutamate receptor, but each glutamate receptor is made only by subunits within the same receptor group (1) . NMDA receptors are made of three types of subunits, usually denoted as GluN1, GluN2 and GluN3. GluN1 and GluN3 subunits bind glycine, and GluN2 subunits bind glutamate. From the fact that NMDA receptors are composed form two obligatory glycine binding GluN1 subunits and two glutamate binding GluN2 subunits (or one GluN2 subunit and one glycine binding GluN3 subunit) derives their unique feature among other glutamate receptors -requirement of both coagonists, glutamate and glycine, for activation (2) . Another peculiarity of NMDA receptors is related to magnesium (Mg 2+ ) blockade of ion channel of NMDA receptors. Namely, during resting membrane potential most of subtypes of NMDA receptors are blocked by Mg 2+ from extracelular space, which greatly hinders the flow of ions through the channel. Due to depolarization of cell membrane, voltage-dependent Mg 2+ block is removed, allowing the flow of ions through the pore of NMDA receptors. The resulting entry of Ca 2+ initiates a series of intracellular signaling cascades, which alter the functioning of the cells by activation of different kinases and phosphatases (3) .
Beside the known facts about the significance and function of NMDA receptors in central nervous system (CNS), as well as the relationship between dysfunction of NMDA receptors and certain diseases of nervous system (Alzheimer disease), the research data in past years indicated the presence of NMDA receptors in many other organs and tissues (4) (5) (6) (7) . Regarding the cardiovascular system (CVS), the NMDA receptors were first discovered in a rat cardiomyocytes (8) . The NMDA receptors are also found in endothelial cells and vascular smooth muscle cells (VSMC) (9, 10) . Bearing in mind the pathophysiological significance of effects of homocysteine (Hcy) in developing of atherosclerosis and consequent disorders, in the limelight comes the possibility that Hcy exerts its negative effects through NMDA receptors (11) .
Concerning the crucial role of Ca 2+ in heart function, as well as in function of vascular smooth muscle cells and endothelial cells, the NMDA receptors could have great importance in maintaining of homeostasis in CVS. In that sense, this review addresses on the recent insights in functions of NMDA receptors in CVS, as well as possibility of targeting of NMDA receptors as potential therapeutic option in various cardiovascular disorders.
STRUCTURE OF NMDA RECEPTORS
As already mentioned above, NMDA receptors are composed of three different types of subunits, GluN1, GluN2 and GluN3 ( Figure 1A ). GluN1 subunit is encoded by single gene, but due to posttranslational processing of RNA arise eight different splice variants, while GluN2 subunit is encoded by four (A -D), and GluN3 (A and B) subunit by two different genes (Table 1) (12) (13) (14) . By combining of different GluN1 and GluN2 subunits are formed NMDA receptors with different functional characteristics. Different splice variants of GluN1 subunit determine characteristics of NMDA receptors such as modulation by zinc, polyamines, and a protein kinase C, as well as binding to the intracellular proteins (calmodulin, calmodulindependent protein kinase II, α-actinin-2) (15, 16) . Type of GluN2 subunit determines the biophysical properties of a channel such as the conductivity of a channel, the average time of opening, sensitivity to voltage-dependent Mg 2+ block (16, 17) . If, in addition to GluN1 and GluN2 subunits NMDA receptor contains GluN3A subunit also, it causes a decrease in the conductivity and permeability channels for Ca 2+ , which was confirmed by registering the ionic currents resulting from activation of the NMDA receptor in neurons in which these receptors do not include subunit GluN3A (18) .
Three models have been proposed for the conclusion of NMDA receptors. According to the first model, subunits form stable homodimers, GluN1-GluN1 and GluN2-GluN2, which can then connect and form a tetrameric receptor (19) . Tetrameric receptor structure, on the basis of the second proposed model, is created by adding of two GluN2 monomers to GluN1-GluN1 homodimer (20) . In accordance with the third model, initially are created GluN1-GluN2 heterodimers, which then tetramerize (21) (Figure 1B ). (Figure 2 ). The extracellular ligand-binding domain (LBD) form two extracellular string of amino acids, which are labeled as S1 and S2 (22) . All LBD are clamshell-shaped, wherein the polypeptide segment S1, which is connected to the M1 helix of a transmembrane domain, forms a major part of one side of the "clamshell" (D1), while the polypeptide segment S2, which is located between M3 and M4 helices of transmembrane domain, forms a major part of the other side of the "shell" (D2). In this way it is formed a pocked or gap in which is located the agonist binding site. The matching agonists, glutamate, and glycine in the case of NMDA receptors, contain groups that bind to the α-amino and α-carboxyl group of LBD. Parts of LBD that form atomic bonds with ligands are highly similar in all glutamate receptors and built mainly by the amino acid residues that belong to the D1 section of LBD. Agonist binding to a LBD causes a conformational change, and it was found that binding of agonist leads to convergence of D1 and D2 and taking more closed conformation form, while in the free form D1 and D2 are separated and take up a more open conformation.
The extracellular amino-terminal domain (ATD) is made up of approximately 350 amino acid residues and, similarly to LBD, forms a clamshell-like structure which reacts with a number of allosteric modulators and thus affects the activity of NMDA receptor. ATD has a role in the regulation of receptor function, and it is not essential for connection of the subunits and construction of the NMDA receptor. It has been proven that ATD of GluN2 subunit control pharmacological and kinetic properties of NMDA receptor, such as: agonist binding activity, deactivation time, the opening probability, the median duration of opening and closing (23) . ATD consists of two parts, the R1 and R2, which form a cleft inside which are located more binding sites: 1) a hydrophilic binding site built up of polar amino acid residues that form the binding site for Zn
2+
, located near the outer aperture of the cleft; 2) a hydrophobic binding site for ifenprodil, located deep in the cleft; and 3) binding place for Na + and Cl − ions, whose role is not fully elucidated (24) .
Transmembrane domain (TMD) of all glutamate receptors is linked to LB) by three short links. TMD contains three transmembrane helices, which are marked as M1, M3 and M4, and a membrane re-entrant loop, marked as M2 (25) . The transmembrane helices, M1, M3 and M4, each of the four subunits of the receptor form a transmembrane channel; M2 loops limit the inner edge, while parts of the M3 helix limit the outer edge of the channel pore. Parts of M3 helices extending at each other, probably forming a gate that prevents the flow of ions when the receptor is inactive. M1 and M3 helices form the core of the channel, and M4 helix of one subunit makes the connection with the M1 and M3 helices of other subunits. Next to that, linking region preceding M1 (pre-M1) forms a short helix that is parallel to the plane of the membrane and creates links to the carboxyl-and amino-terminal ends of the M3 and M4 helices (25, 26) . Pre-M1 helices of all four subunits crate a cuff around the outer channel pore aperture, which may have a significant impact on channel controlling.
The carboxy-terminal domain (CTD) exhibits the highest degree of diversity among all glutamate receptors. It is believed that the CTD affect the stabilization of the receptor, posttranslational modification and labeling of the receptor for breakdown. Deleting the CTD in GluN1 and GluN2A subunits does not affect the function of NMDA receptors, but influences the controlling of the NMDA receptor, because CTD contains a phosphorylation sites and binding sites for intracellular proteins involved in the regulation of its functions (27) . Several subunits of NMDA receptors via CTD are associated with Ca 2+ /calmodulin-dependent protein kinase II, enabling the further expansion of the local signal, thereby allowing the spatial and temporal specificity of receptor regulation. Recent studies suggest the possibility of transmitting the signals through NMDA receptors based on the relationship between CTD and related protein kinases, independently of Ca 2+ influx (28) .
MODULATION OF NMDA RECEPTOR ACTIVITY
NMDA receptors are unique in the group of glutamate receptors since it is required simultaneous binding of glycine for GluN1 (or GluN3) subunits and glutamate for GluN2 subunits for receptor activation (29) . In certain sources of literature glycine is mentioned as a modulator of NMDA receptors, in order to distinguish it from the Lglutamate, which is a specific agonist of the entire receptor group. However, since their binding sites are structurally similar, they likely have the equal role in the activation of NMDA receptor. Even though, in physiological conditions, the glycine and glutamate still have different roles in the activation of NMDA receptors. While the L-glutamate is released from the nerve endings in the synaptic cleft and represents an "active" neurotransmitter, is believed that a small amounts of glycine, which normally exists in the synaptic cleft, is sufficient for receptor activation (30) .
Within the glycine binding site the α-carboxyl group of glycine forms a hydrogen bond with the amino acid arginine at position 522 (Arg522), the threonine at position 518 (Thr518) and serine at position 688 (Ser688). The amino group of glycine reacts with the carbonyl group of proline at position 516 (Pro516), hydroxyl group of threonine at position 518 (Thr518) and the oxygen of the carboxyl group of aspartic acid at position 732 (Asp732) (1, 31) .
Besides the glycine, for glycine binding site also can bind D and L-isomers of serine and alanine, and to act as agonists of the GluN1 subunit (32) . D-serine is significantly more potent in comparison to L-serine, and probably represents the primary ligand for GluN1 subunit in particular regions of the brain, such as supraoptic nuclei (33) .
Glutamate binds to GluN2 subunits. α-carboxylate group of glutamate reacts with arginine at position 518 (Arg518), and the γ-carboxyl group of glutamate binds to the tyrosine at position 730 (Tyr730), whereby between the domains is formed hydrogen bonds between the tyrosine at position 730 (Tyr730) and the glutamic acid at position 413 (Glu413) (34) . In the endogenous agonists of GluN2 subunit, next to glutamate, also include D and L-aspartate, homocysteine and cysteine sulphate (35) (36) (37) .
There are many competitive antagonists of NMDA receptor that are specific for GluN1 subunit, such as 7-chlorokynurenic acid and its analog -5,7-dichlorokynurenic acid (5,7-DCKA) (29) . Furthermore, the anesthetic effects of xenon are independent of the action of the GABA-ergic nerve transmission, but are dependent on the inhibition of the NMDA receptor (38) .
The competitive antagonists of NMDA receptor specific for GluN2 subunit such as (R)-2-amino-5-phosphonopentanoate, are used in order to distinguish the effects of NMDA recepotrs and other ionotropic glutamate receptors (primarily AMRA receptors) (39) . Great difficulty arises from the inability to synthesize compounds that would selectively inhibit certain subtypes of GluN2 subunit (A -D), which is consequence of high degree of homology between the LBD of GluN2 subunits.
Noncompetitive antagonists block NMDA receptors while they are closed. In this group of antagonists are classified ethanol and dynorphins, whereby ethanol inhibits GluN2B subunit containing NMDA receptors, and dynorphins inhibit GluN2А subunit containing NMDA receptors (40) . Unlike to noncompetitive antagonists, for action of uncompetitive antagonists it is essential that NMDA receptor channel is open, in order to reach their binding site. This group of NMDA receptor antagonist includes memantine and MK-801 (dizocilpine).
Allosteric modulators of glutamate receptors attract great attention lately because of the possibility of fine impact on the physiological functioning of the receptor, as well as the possibility to use for therapeutic purposes. The positive and negative allosteric modulators have a number of therapeutic advantages in comparison with agonists and antagonists of glutamate receptors, including greater selectivity for individual subunits that are part of the receptor. It is believed that better tolerance of allosteric modulators in clinical practice is consequence of their actions on the existing level and the form of the receptor activity, in contrast to the agonists and antagonists that induce or complete blockade or excessive stimulation.
NMDA RECEPTORS AND CARDIOVASCULAR SYSTEM
As already mentioned NMDA receptors play a key role in the functioning of the central nervous system (CNS), but a few decades ago some authors have pointed to the possibility of their existence outside of nerve tissues. Results of the experiments based on the cloning of complementary DNA of humane GluN2C subunit, showed 88% of similarity to rat GluN2C subunit, as well as the great representation of this subunit, as in some parts of the nervous tissue, but also in other tissues, especially in heart (41). The researching of the time and spatial tissue distribution of radiolabelled NMDA receptor antagonists ([3H]CGS and [3H]MK-801) showed widespread distribution of these receptors in a number of organs, such as heart, lung, kidney and stomach (42) . Based on the results of their research Leung and coauthors suggested the possible existence of homooligomeric NMDA receptors composed of GluN1 subunits in the rat heart (43) . Namely, these authors did not find the GluN2 subunit, but only the GluN1. On the other hand, researching the developmental distribution of NMDA receptors subunits, Seeber and colleagues showed presence of GluN2B subunit in rat heart, which was detected in the cardiac tissue of the early development stages until the tenth week of postnatal life (44) . Furthermore, these authors did not find the existence of GluN1 subunits at any stage of development. The results of these studies are inconsistent and in some of its parts are contradictory.
It is also confirmed the existence of NMDA receptors in the endothelium of blood vessels in different parts of the body. The application of glutamate and D-serine (which binds to the glycine binding site) causes the activation of NMDA receptors, which activate endothelial nitric oxide synthase (eNOS) causing increased production of nitric oxide (NO) and vasodilatation in brain arteries. In this cascade mediate astrocytes that store glutamate and D-serine and release them depending on the neural activity (45, 46) . Studying the adverse effects of homocysteine (Hcy) on CVS, as well as potential mechanisms by which these effects are achieved, Chen and coworkers indicated the existence of GluN1 and GluN2A subunits in the rat carotid arteries, and the expression of NMDA receptor subunits in rat aortic endothelium (47) . Within the same research it was shown that Hcy induces an increase in the expression of GluN1 subunit and increase in cell proliferation, while the previous administration of MK-801 precluded above mentioned effects of Hcy.
Glutamate concentration in cerebrospinal fluid of rats is about 11.4 mmol/L, while the plasma concentrations are significantly higher (48, 49) . Based on the aforementioned fact, it can be concluded that peripheral NMDA receptors are under tonic, constant activation. However, the application of activators of these receptors in peripheral tissues increases their activity (50) (51) (52) . One of possible explanations could be that the interstitial concentration of glutamate is not the same as the plasma concentration. In the CNS the glutamate concentration is maintained within a narrow range due to activity of specific glutamate transporter, EAAT (Excitatory Amino Acid Transporters), which remove glutamate from the synaptic cleft, thereby preventing overstimulation of neurons and the consequent neurotoxicity (53) . Since the different isoforms of these transporters are discovered in peripheral tissues inter alia, in the CVS, there is a possibility that the concentration of glutamate in the intercellular space of these tissues is regulated by EAAT (54, 55) . Further explanation provides the possibility of lower sensitivity of NMDA receptors in the periphery, or a lower affinity for glutamate and glycine compared to NMDA receptors in the CNS. In that sense, Laketić-Ljubojević and colleagues pointed out the much higher value of dissociation constant (K d ) for glutamate that binds to NMDA receptors on osteoblasts compared to NMDA receptors in the nervous tissue (56) .
There is increasing information concerning the importance of NMDA receptors in regulation of the electrical activity of the heart (7). Also, the increasing number of studies are focused on the impact of overstimulation of these receptors in the heart and CVS, where chronic activation of these receptors by agonists cause considerable electrophysiological disorders and increases the probability of ventricular arrhythmias (57) . D' Amico and coauthors showed that inhibition of NMDA receptors during reperfusion decreases risk of arrhythmia occurrence, as well as Ca 2+ accumulation in mitochondria (58) . Similar conclusions were performed by Sun and coworkers based on results of their research (59) . Namely, preconditioning with MK-801 and gabapentin (a glutamate release inhibitor), before myocardial infarction induced in vivo by ligation of the left anterior descending coronary artery for 30 minutes, significantly mitigated ventricular arrhythmias, improved SERCA2a expression and activity of Ca 2+ -ATPase in sarcoplasmic reticulum, and consequently reduced Ca 2+ accumulated in mitochondria. On the other hand preconditioning with dihydrokainate (a glutamate transporter inhibitor) had quite the opposite effect. Furthermore, in this study it was shown that myocardial infarction induces increase in serum glutamate concentration. The ensuing conclusion from the results of this study is that glutamate certainly has a role in the pathogenesis of reperfusion induced arrhythmias, and probable mechanism may be associated with Ca 2+ overload via the NMDA receptor. Hereupon, reperfusion arrhythmias could be prevented by applying the glutamate release inhibitors or NMDA receptor antagonists.
Increase in Ca 2+ concentration due to NMDA receptor activation causes imbalance in production and elimination of free radicals and oxidative stress. These effects induced by overstimulation of NMDA receptors could be diminished by MK-801, or by scavengers of reactive oxygen species (ROS) such as glutathione and N-acetylcystein, as it is demonstrated in the study by Gao and coauthors (60) . Next to that activation of NMDA receptors in cultured neonatal rat cardiomyocytes, in the context of the results of this research, also increased levels of cytosolic cytochrome c and 17-kDa caspase-3, and depolarized mitochondrial membrane potential, leading to cardiomyocyte apoptosis. These findings suggest that overstimulation of NMDA receptors in the cardiomyocytes could induce apoptosis via a Ca 2+ , ROS, and caspase-3 mediated pathway, and also point out the importance of NMDA receptors in pathogenesis of myocardial disorders. Furthermore, deletion of GluN1 subunit in cardiomyocytes led to reduced production of ROS induced by Hcy, as well as decreased concentration of NO and matrix metalloproteinase 9 (MMP9) in mitochondria of the heart (61, 62). Meneghini and coauthors also have pointed out to protective effects of the blockade of the NMDA receptors by memantine (63) . Memantine prevented the nuclear size reduction in cardiomyocytes in rats exposed to cold stress.
Results of experiments conducted by our research group also indicated the role of NMDA receptors in regulation of heart function. Application of glutamate or glicine did not induce any change in heart function, coronary flow or oxidative stress in retrogradely perfused rat hearts according to Langendorff technique, while on the other hand their combined use caused decrease in observed cardiodynamic parameters, coronary flow and increase in oxidative stress biomarkers (64) . In the case of the combined use of glutamate and/or glycine with verapamil (blocker of L type Ca 2+ channels) in the same experimental model, the slightest changes were observed in the group where verapamil was administered along with glutamate and glycine, which suggests that the activation of the NMDA receptors allows the influx of certain amounts of Ca 2+ , insufficient to nullifies the effects of verapamil, but sufficient enough to significantly increase observed cardiodynamic parameters compared to other experimental groups in this study (65) .
All mentioned facts indicate the importance of NMDA receptors in the regulation of physiological activities, as well as the mechanisms of pathological processes, in the CVS.
NMDA RECEPTORS AND HOMOCYSTEINE IN CARDIOVASCULAR SYSTEM
Homocysteine (Hcy) is non-protein amino acid which occurs as an intermediate product during the metabolism of amino acids methionine and cysteine. In methionine cycle Hcy represents the product in the metabolism of methionine, but also represents a substrate for the synthesis of this amino acid (Figure 3) .
On the significance of Hcy in the pathophysiology of atherosclerosis and consequent disorders of the CVS first noted Kilmer McCully almost half a century ago. Namely, Kilmer McCully described a case of advanced atherosclerosis in the medium and small arteries of large number of organs and tissues in child with high concentrations of homocysteine, cystathionine and homocysteine disulfide in the plasma and urine, and also low concentrations of methionine (66) . This case report became the basis for homocysteine theory of atherosclerosis, and since then, many researchers deal with the effects of Hcy on the CVS, as well as the molecular mechanisms that mediate in these adverse effects of Hcy.
The significance of the methionine is reflected in large number transmethylation reactions, in which the methyl group of methionine is transferred to other molecules (DNA, RNA, proteins, lipids), as well as in the synthesis of other sulfur-containing compounds (cystathionine, taurine). In a methionine cycle occurs Hcy (Figure 3 ), which can serve as a substrate for the enzyme methionine synthase in the remethylation pathway, which takes place in the in case of methionine deficiency. This metabolic pathway requires the vitamin В 12 , which acts as cofactor for enzyme methionine synthase, as well as folate (vitamin B 9 ), which donates a methyl group to Hcy during remethylation. Otherwise, Hcy enters into the series of reactions which together form a transsulfuration metabolic pathway, where the key role has enzyme cystathione β-synthase (CBS), for whose activity is essential vitamin B 6 (67, 68) . Any disruption of described metabolic cascade causes the accumulation of Hcy in the cells which is consequently converted to a considerably more toxic form, homocysteine thiolactone (Hcy TL), by action of the enzyme methi-onyl-tRNA synthetase. Hcy TL reacts readily with amino groups of the large number of proteins, causing homocysteinylation of the protein, which dramatically change the protein activity (69) .
Hyperhomocysteinemia is a condition characterized by an increase in the plasma value of total homocysteine concentration above 15 μmol/L. Depending on the value of plasma Hcy, HHcy is classified as moderate (16-30 μmol/L), intermediate (31-100 μmol/L) and severe (higher than 100 μmol/L). The causes of HHcy may be classified into four major categories: 1) genetic disorders of enzymes involved in homocysteine metabolism, 2) inadequate intake of folate, vitamin B 12 and B 6 , 3) increased intake of methionine, and 4) reduction in kidney function (Figure 4) , (70) . HHcy can also be induced iatrogenically.
HHcy induces interstitial myocardial fibrosis, resulting in developing systolic and diastolic heart dysfunction and chronic heart failure (71) . Presumed mechanism of mentioned pathological changes involves the activation of NMDA receptors by Hcy, and this assumption is based on the fact that NMDA receptor blockers reduce the oxidative stress caused by Hcy. As a consequence of stimulation of NMDA receptors in the cardiomyocytes matrix metalloproteinases (MMP -zinc-containing endopeptidases) are activated, and these enzymes change the composition of extracellular matrix in the myocardium. The activation of MMP due to HHsy reduces elastin/collagen ratio, increases collagen deposition in interstitial tissue (fibrosis) between endothelial cells and myocytes, which has the proarrhythmogenic effect, while the use of an NMDA receptor antagonists prevents the activation of MMPs (62, 72) .
HHcy induces a cascade of reactions which cause endothelial dysfunction and increased accumulation of ex- tracellular matrix, and the mechanisms that mediate these disorders include increased production of reactive oxygen and nitrogen species (73) (74) (75) (76) (77) .
Based on the results of our experimental group it can be concluded that both overstimulation and depression of NMDA receptor activity in heart decrease cardiac function (78) . Namely, acute administration of Hcy TL, as well as MK-801, in isolated rat hearts decreased heart function and coronary flow, but the effects of these substances were the opposite in the case of co-administration.
EXPERT OPINION
It is definitely clear, not only that NMDA receptors exist in the CVS, but also to play an important role in the regulation of a physiological process, as well as in pathogenesis of cardiovascular disorders. Bearing in mind the medical and social importance of disorders of CVS in which NMDA receptors could mediate, there is a need for their studying as a potential therapeutic target. NMDA receptors exhibit a considerable complexity regarding the diversity of subunits that compose them and which greatly affect the properties of the receptor, as well as necessity for extremely precise regulation of their action. Namely, it has been shown that blockade of NMDA receptors protect the heart from reperfusion injury (59), but our results showed that blockade of NMDA receptors have adverse effects on heart function (78). It is necessary to focus attention on the synthesis of pharmaceuticals that can specifically act on the peripheral NMDA receptors, and which are capable to finely correct NMDA receptor activity.
